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A B S T R A C T
High-grade Au, Cu and Bi ores in the Tennant Creek goldfield have been mined from hydrothermal magnetite-
and/or hematite-rich ironstone bodies. Less well known is a style of Au-Cu-Bi mineralisation hosted by quartz
vein systems within shear zones outside ironstones. We report ion probe (SHRIMP) U-Pb-Th ages of
1659 ± 13Ma and 1659 ± 15Ma for hydrothermal monazite associated with this mineralisation style at the
Orlando East Au-Cu-Bi deposit and Navigator 6 Au prospect, respectively. The dated monazite at Orlando East is
intergrown with Cu and Bi sulfides and Au in quartz-chlorite veins within a shear zone. At Navigator 6 the
monazite occurs both in late-stage chalcopyrite-bearing quartz-hematite veins and within earlier-formed sheared
chloritic breccia that also contains anomalous Au.
Although the full significance of the ~1660Ma monazite ages has yet to be determined, the results indicate
the introduction of Au, Cu and Bi in quartz vein systems at ~1660Ma, or remobilisation of earlier, ~1850Ma,
main-stage Au-Cu-Bi from mineralised ironstones and into quartz veins 10 s–100 s of metres from the initial
mineralisation. In either case, hydrothermal fluids capable of transporting significant concentrations of ore
metals were present in the Tennant Creek goldfield at ~1660Ma, synchronous with deformation. A key im-
plication is that rock sequences up to ~200 million years younger than the ironstone-hosted Au-Cu-Bi deposits
may now be considered prospective for a second stage of Au ± Cu ± Bi mineralisation. The results also va-
lidate non-ironstone shear-hosted deposits in the Tennant Creek region as an alternative exploration target to the
well known high-grade but low-tonnage Tennant Creek ironstone-hosted deposits.
1. Introduction
The Tennant Creek goldfield is an historic mining district in the
central Northern Territory of Australia known for its high grade Au-Cu-
Bi deposits that are typically hosted by magnetite- and/or hematite-rich
hydrothermal bodies locally known as ironstones. There are> 700 ir-
onstone bodies mapped in the district yet only ~20% have recorded
production of Au, Cu and/or Bi, and ~87% of the ~157 t of Au pro-
duced to 2005 was contained in just 13 deposits (Donnellan, 2013). The
focus of mineral exploration for the ironstone-hosted Au-Cu-Bi deposits
for many decades has been the ~1860Ma Warramunga Formation
(Fig. 1). Research on the timing of Au-Cu-Bi mineralisation indicates
that ore formation occurred during the regional tectonic and magmatic
Tennant Event at ~1860–1845Ma (Compston and McDougall, 1994;
Fraser et al., 2008; Donnellan, 2013). In these studies the absolute
timing of mineralisation was constrained by 40Ar-39Ar dating of
hydrothermal white mica associated with Au mineralisation. However,
it has been known since the 1990 s that some Au-Cu-Bi mineralisation
occurs outside the ironstones and within shear and fault zones in dif-
ferent structural settings to those of the ironstone-hosted ores (Main
et al., 1990; Skirrow, 1993, 2000; Cuison et al., 2014). Whether the
shear-hosted mineralisation outside massive ironstones is temporally
equivalent to that within ironstones and formed nearby to such iron-
stone-hosted systems (Cuison et al., 2014), or represents a temporally
and structurally distinct style that also may be distal from ironstones, is
an important question for exploration targeting in the region.
New petrographic work in the Tennant Creek goldfield indicates the
widespread presence of minor quantities of monazite in close textural
association with Au, Cu and Bi mineralisation. Interestingly, monazite
(a REE-Th-bearing phosphate mineral) has only been observed in as-
sociation with non-ironstone hosted Au-Cu-Bi mineralisation. This
monazite is the focus of the geochronological studies reported herein,
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and provides the first U-Pb-Th isotopic ages for Au-Cu-Bi mineralisa-
tion-related hydrothermal minerals in the Tennant Creek goldfield. The
geochronology results are used to place the timing of a newly identified
hydrothermal event within the context of regional stratigraphic, mag-
matic and tectonic events. The only previously reported age for hy-
drothermal mineralisation in the goldfield close to the new ~1660Ma
result is a whole-rock Re-Os isochron age of 1665 ± 66Ma for Au-Cu-
Bi mineralisation at the ironstone-hosted Gecko deposit (McInnes et al.,
2008). The findings are also potentially important for exploration tar-
geting of an alternative and evidently younger style of Au-Cu-Bi mi-
neralisation compared to the high grade but typically small-tonnage
ironstone-hosted deposits in the Tennant Creek goldfield.
2. Geological setting
Gold-Cu-Bi deposits in the Tennant Creek goldfield occur within the
Warramunga Formation, a low-grade metasedimentary turbiditic se-
quence of lithic arenite and wacke (epiclastic volcanic sandstones),
siltstone, terrigenous mudstone, and hematite-rich banded argillaceous
units (known locally as hematitic shale; Donnellan et al., 1995; Fig. 1).
Detrital zircon U-Pb geochronology indicates a maximum depositional
age of ~1860Ma for the Warramunga Formation (Compston, 1995;
Maidment, et al., 2006). Zircon U-Pb ages of ~1862Ma for rare felsic
tuff units in the formation suggest this age is close to the depositional
age (Compston, 1995). The Warramunga Formation unconformably or
disconformably underlies the ~1853–1814Ma bimodal volcanic-rich
Ooradidgee Group (Donnellan, 2013, and references therein). The
Ooradidgee Group is overlain by the layer-cake-like siliciclastic and
volcanic rocks of the Hatches Creek Group in the south and by the
Tomkinson Creek Group in the north of the region, both of which were
deposited before ~1750Ma (Fig. 1; Donnellan, 2013).
The regional tectonothermal Tennant Event affected the
Warramunga Formation at 1860–1845Ma (Donnellan, 2013; Maidment
et al., 2013) resulting in upright tight folding, shearing, a slaty cleavage
(S1), and lower greenschist to sub-greenschist facies metamorphism
(Donnellan et al., 1995; Donnellan, 2013). It is generally accepted that
the magnetite- and/or hematite-rich ironstones formed during the D1
Tennant Event, as epigenetic and hydrothermal infill and replacement
bodies in structurally and stratigraphically controlled sites such as di-
latant jogs within steeply dipping shear zones (Wedekind et al., 1989;
Fig. 1. Map of interpreted pre-1660Ma geology of the Tennant Creek region (from Stewart, 2018), showing areas of outcrop (dark blue hatchured areas) and
locations of ironstone-hosted Au-Cu-Bi deposits (orange circles) and Au (±Cu ± Bi) quartz vein deposits (non-ironstone hosted, yellow circles). Sample locations
indicated at the Orlando East Au-Cu-Bi deposit and Navigator 6 Au prospect. Mineral deposit/occurrence locations from the MINLOC data base (Geoscience Australia,
2019).
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Rattenbury, 1992; Skirrow, 2000; Donnellan, 2013). The ironstones
commonly show evidence of early, banded, quartz-hematite replaced by
magnetite, and generally exhibit intensely chloritized and foliated al-
teration envelopes within the host rocks. The Tennant Event is also
characterised by suites of voluminous felsic igneous and lesser volumes
of mafic igneous intrusive rocks (e.g. Tennant Creek Supersuite, Fig. 1).
The timing, kinematics and origins of post-1845Ma deformation
events have been more controversial, as summarised by Donnellan
(2013). The Murchison Event (~1805–1815Ma) is inferred to have
been mainly extensional although locally resulted in shearing and
brecciation (D1a event of Donnellan, 2013). The Ooradidgee Group
contains one less cleavage than the Warramunga Formation, the earliest
of which is attributed to the regional D2/D2′ Davenport Event, possibly
at ~1710Ma (Donnellan et al., 1995; Donnellan, 2013). The D2/D2′
deformation is a conjugate event that resulted in open folding, kinking,
crenulation cleavage, and strike-slip faulting and shearing (Donnellan
et al., 1995; Donnellan, 2013).
The Devils Suite (Fig. 1; Donnellan, 2013) includes the Devils
Marbles Granite, Elkedra Granite, Gosse River East Syenite, lampro-
phyre, and the Warrego Granite (Fig. 1), with zircon U-Pb crystal-
lisation ages ranging from 1720 ± 6Ma to 1707 ± 7Ma, although the
age of the Warrego Granite is uncertain (see Donnellan, 2013, and re-
ferences therein). Compston (1994, 1995) reported zircon populations
from the Warrego Granite ranging from 1857Ma to a cluster of ages and
zircon overgrowths at ~1650Ma, along with a 40Ar-39Ar muscovite age
of 1677 ± 4Ma. Based on these data, Compston (1994) concluded the
Warrego Granite was emplaced at close to its 40Ar-39Ar age of
~1677Ma and most likely at ~1650Ma (Compston, 1995). Further-
more, Black (1977) reported a whole-rock Rb–Sr age of 1662 ± 20Ma
for a sample of the Warrego Granite. Zircon in lamprophyres has
yielded U-Pb ages of 1715 ± 11Ma, 1690 ± 18Ma (Page, 1995) and
1711 ± 2Ma for a separate sample from the same lamprophyre sam-
pled by Page (1995) (Claoué-Long et al., 2008). These compare with a
somewhat younger Rb-Sr (whole-rock) age of 1664 ± 16Ma (Black,
1977) and K-Ar (biotite, muscovite) ages of 1690 ± 35Ma and
1614 ± 33Ma for the lamprophyres (Compston and McDougall,
1994). Taken together, these geochronology data indicate felsic and
alkaline magmatic and thermal events in the Tennant Creek region
between ~1720Ma and ~1650Ma.
3. Gold – Copper – Bismuth deposits
Ironstone-hosted Au-Cu-Bi deposits of the Tennant Creek goldfield
range significantly in Au:Cu ratios, Fe-oxide and sulfide mineralogy,
and isotope compositions (Wedekind et al., 1989; Huston et al., 1993;
Skirrow, 2000; Skirrow and Walshe, 2002). Nevertheless, it is generally
agreed that the mineralisation overprinted the magnetite- and/or he-
matite-rich ironstones, and formed during deformation of the iron-
stones. The Tennant Creek Au-Cu-Bi deposits are considered by some to
be members of the global iron oxide Cu-Au (IOCG) family of deposits
(e.g. Skirrow, 2000; Williams et al., 2005) although others have sug-
gested non-IOCG affinities (e.g. Groves et al., 2010). Mineralisation
comprises native gold, chalcopyrite with rare hypogene bornite, and a
range of bismuth minerals including bismuthinite, native Bi and S-Se-
Te-Cu-Pb-bearing Bi sulfosalts (Large, 1975; Wedekind et al., 1989;
Skirrow and Walshe, 2002). Copper-rich deposits or zones within de-
posits tend to be of relatively reduced or intermediate oxidation state
with magnetite-pyrite ± pyrrhotite assemblages (e.g. Warrego, West
Peko, Peko deposits), whereas Au-rich deposits and zones tend to be of
intermediate to oxidised redox state with minor to abundant hematite
alteration of pre-existing magnetite (e.g. Juno, White Devil, TC8, No-
bles Nob, Eldorado deposits; Wedekind et al., 1989; Skirrow, 2000;
Skirrow and Walshe, 2002). Exceptions include the Gecko K44 ore body
which is Cu-Au-rich but hematite-dominated (Huston et al., 1993). Ir-
onstone-hosted sulfides and gold commonly occur within quartz-
chlorite ± muscovite en echelon extension veins exhibiting crack-seal
and quartz fibre textures, consistent with syn-deformational timing.
Although the kinematics of this deformation and vein formation have
not been well established, several authors have attributed this de-
formation to the regional D2 event (e.g. Nguyen et al., 1989; Skirrow,
2000). It may be equivalent to the D3 event of Cuison et al. (2014).
Dating of relatively coarse muscovite associated with Au-Cu-Bi miner-
alisation as well as paragenetically earlier finer muscovite associated
with ironstone formation has yielded indistinguishable 40Ar-39Ar ages
of 1847.1 ± 10.6Ma to 1851.2 ± 10.6Ma for the two types of white
micas at four different deposits (Fraser et al., 2008, recalculated from
Compston and McDougall, 1994). These ages are broadly consistent
with lead isotope model ages of 1819–1856Ma for lead-bearing sam-
ples in four deposits from the Tennant Creek goldfield (with un-
certainties of± 15Ma on individual model ages; Warren et al., 1995).
However, hydrothermal muscovite and biotite at several other deposits
(Eldorado, White Devil, Warrego, Navigator 6) show evidence of dis-
turbance of the K-Ar system, with total fusion ages of 1713 ± 3Ma to
1785 ± 4Ma (Compston and McDougall, 1994).
Gold, Cu and Bi mineralisation hosted by shear zones outside ir-
onstones has been recognised at the Gecko deposit (Main et al., 1990),
Orlando East deposit (Skirrow, 1993), Bishop Creek prospect (G. Ed-
wards, pers. comm., 1993 and unpublished Geopeko and Normandy
exploration reports), and the West Peko deposit (Skirrow, 1993, 2000).
Cuison et al. (2014) described ‘predominantly ironstone-hosted’ and
‘shear-hosted ironstone’ types of deposits in the Tennant Creek gold-
field, both of which occur within or very near ironstones. Here, we
contend that some significant ‘non-ironstone’ deposits of Au-Cu-Bi
occur distally (10 s–100 s of metres) from ironstones within D2 shear
zones.
4. Geology of the Orlando East deposit and Navigator 6 prospect
The geological settings and paragenetic sequences of hydrothermal
minerals are described below for the Orlando East Au-Cu-Bi deposit and
the Navigator 6 Au prospect, two key examples of monazite-bearing
alteration and mineralisation outside ironstones. By way of introduc-
tion and to assist in comparison of the two occurrences, the paragenetic
sequences are summarised in Table 1 within the context of regional
deformation and hydrothermal events, including the ironstone-hosted
Au-Cu-Bi deposits.
4.1. Orlando East shear-hosted (non-ironstone) Au-Cu-Bi deposit
The Orlando East deposit is located ~1 km east-southeast of the
Orlando ironstone-hosted Au-Cu-Bi deposit, within deformed metase-
dimentary rocks of the Warramunga Formation. Exploration drilling
mainly in the 1980 s and early 1990 s by the Geopeko company re-
vealed the presence of primary (hypogene) gold, chalcopyrite and bis-
muthinite mineralisation associated with quartz veins within highly
sheared and chloritized, metamorphosed siltstone, shale and fine
sandstone (Love, 1990).
Although minor amounts of Fe oxides are present in veins in some
parts of the Orlando East system, this deposit is notable as an example
of a shear-hosted ‘non-ironstone’ style of mineralisation that has been
previously largely overlooked in the Tennant Creek goldfield.
Inspection and logging of 13 oriented diamond drill holes, together
with outcrop mapping, detailed petrographic studies and company
assay data, has enabled interpretation of the structural setting of the
Orlando East deposit (Fig. 2; Skirrow, 1993). Gold and sulfide-bearing
quartz veins up to 1–2 cm width occur in several different generations
and orientations, ranging from boudinaged veins parallel to a strong
foliation defined by aligned chlorite, to veins at high angles to this
foliation (Figs. 2, 3a and b). The strong foliation (denoted S2) dips
moderately steeply to the south, less steeply than the subvertical clea-
vage in the enclosing rocks, which is interpreted to be the regional S1
cleavage. Overall, the structural architecture and kinematics are
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consistent with development of a D2 shear zone, with emplacement of
quartz-Au-sulfide veins during progressive shearing (Table 1).
Early veins were rotated and/or transposed into the shear foliation
direction, with some undergoing shortening or boudinage (Fig. 3a and
b). Later veins underwent much less rotation or shortening and contain
only minor sulfide mineralisation compared to the earlier veins
(Fig. 3a). This D2 shear zone system appears to have been overprinted
by a relatively weakly developed deformation event (termed D3 locally;
Table 1) that is represented by a finely-spaced crenulation of the intense
S2 foliation (Fig. 3b), fracturing of vein quartz and filling of these
fractures by sulfides, and kinking and minor folding of the shear fo-
liation at meso-scale (Skirrow, 1993). Similar D2 and D3 deformation
events and structures have been reported regionally, with widespread
S2 foliations striking generally NW-SE and dipping steeply (Donnellan
et al., 1995).
Iron oxide-rich quartz veins are also present locally at Orlando East;
they are sub-parallel to the main (S2) foliation where observed within
the shear zone, but appear to have been overprinted by sulfide miner-
alisation (e.g. chalcopyrite-bismuthinite veinlets cutting the quartz-
magnetite/hematite veins). We therefore tentatively infer a syn-D1
timing of the quartz-Fe oxide veins, which would be consistent with the
generally accepted syn-D1 timing of hydrothermal ironstone formation
in the Tennant Creek goldfield (Table 1; Wedekind et al., 1989; Huston
et al., 1993; Skirrow, 2000).
A ubiquitous feature of the gold-bearing quartz-sulfide veins is the
presence of variably intense chloritic alteration adjacent to the veins. It
is within such chlorite that sparse monazite is consistently present at
Orlando East (Fig. 3c). There is textural evidence that this chloritisation
develops preferentially within high-strain domains and involves a
process of local silica removal (Fig. 3b). It is plausible that the leached
Table 1
Comparison and proposed correlation of key hydrothermal mineral assemblages and regional deformation events for non-ironstone hosted mineralisation at the
Orlando East Au-Cu-Bi deposit, Navigator 6 Au prospect, and ironstone-hosted deposits in the Tennant Creek goldfield.
Regional event Orlando East Au-Cu-Bi deposit Navigator 6 Au prospect Ironstone-hosted Au-Cu-Bi deposits
Ironstone, D1 (brittle-ductile)
~1845–1860Ma
Quartz - banded magnetite/hematite
veins; adjacent chloritisation; S1 foliation
generally sub-parallel to veins
#(1) Quartz (i) – banded magnetite/
hematite veins; chloritisation of host
rock; (2) Disseminated magnetite
alteration of siltstone
Magnetite-quartz-chlorite and hematite-quartz-
chlorite ironstones; chlorite-white mica T1*
(~1850Ma) alteration; S1 foliation generally sub-
parallel to ironstone contacts with wall rocks
D1a (brittle-ductile)
?~1840–1850Ma Ironstone-
hosted Au-Cu-Bi
? ? Extension veins & fibre veins in ironstones, some filled
by new magnetite or hematite with Cu-Bi-Pb-Se
sulfosalts, Au, chlorite, quartz; white mica T2*
(~1850Ma); local intense silicification
D2 (brittle-ductile) ~1660Ma Progressive shearing; Au-Cu-Bi-bearing
quartz veins; chloritisation and monazite
adjacent to veins; S2 foliation generally at
moderate or high angle to veins
(3) Brecciation/veining, chlorite (iii)
matrix with strong foliation (S2?); Au
and monazite in chl (iii); partial
resetting of biotite K-Ar to ~ 1700Ma;
(4) Quartz (iv) - magnetite-chlorite/
sericite infills
? Structural disturbance of some~ 1845–1860Ma
ironstone-hosted mineralisation (remobilisation /
upgrading of Au?), and partial re-setting of K-Ar
system in micas in places
D3 (brittle) ~1660Ma Local kinking and crenulation of S2;
fracturing of quartz in veins; mm-scale
remobilisation of Cu-Bi sulfides into
fractures & interstices between quartz
(5) Quartz (v) – specular hematite –
monazite – chalcopyrite
Fracturing of ironstones; hematite and martitisation of
magnetite
* T1 and T2 white mica types as described by Compston and McDougall (1994).
# Assemblages in parentheses for Navigator 6 are as numbered in Fig. 5.
Fig. 2. Schematic cross section of the Orlando East Au-Cu-Bi deposit, showing Au-chalcopyrite-bismuthinite-bearing quartz veins (labelled Au-cpy-bism) within an
interpreted D2 reverse shear zone. Vertical extent of shear zone at least ~200m. From Skirrow (1993).
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silica was re-deposited within the quartz veins elsewhere in the shear
zone system. Monazite occurs as very small irregular grains (up to
20–30 µm diameter) that commonly contain inclusions of chlorite,
chalcopyrite, bismuthinite and/or rutile. There is a clear spatial asso-
ciation of bismuthinite and chalcopyrite with the monazite, occurring
together within the same hydrothermal alteration domain (e.g. Fig. 3c
and d) or as intimately intergrown aggregates (Fig. 3e and f Fig. 6b
showing monazite within bismuthinite, and bismuthinite within
monazite). Monazite has not been observed within the less altered
metasiltstone host rocks, and only very rarely occurs within the quartz-
rich chlorite-poor parts of veins. These observations are interpreted to
indicate that the monazite grew with the Bi and Cu sulfides during
formation of the quartz veins and their associated chloritic alteration
aureoles within a syn-D2 shear zone. Company assay data, supported by
our textural observations, indicate a strong correlation of Au with Bi
and Cu at Orlando East (Love, 1990), and hence we infer that the
Fig. 3. Structural and hydrothermal features of the Orlando East Au-Cu-Bi deposit. (a) Strongly foliated, chloritized metasiltstone containing boudinaged quartz
(qtz)-sulfide (chalcopyrite, bismuthinite, pyrite) veins parallel to the shear foliation (yellow line), and late-stage yet shortened quartz veins at high angle to the shear
foliation. Image of cut drill core, drill hole H210 103.8m. (b) Quartz (qtz) vein network within locally sheared and folded metasiltstone, illustrating development of
intense chloritic alteration and strong foliation (S2, with or without rotation of S1 into S2?) within local domain of high strain; also note fine crenulation of the strong
foliation (most likely S3) at high angle to S2 (magenta lines). Image of thin section, transmitted light, sample H213 60.5m. (c) Quartz (qtz)-bismuthinite-chalcopyrite
vein with monazite-rutile-bismuthinite-chalcopyrite-bearing chloritic alteration aureole. Note also sulfides filling interstices between some quartz grains (due to local
remobilisation during D3?). Areas sampled for monazite in-situ ion probe dating indicated with black pen markings; this monazite contained insufficient U and Th for
reliable age dating. Image of thin section, transmitted light, sample H201 88.9m. (d) Element map (Bi, Nd, P) from SEM imaging, showing spatial association of
monazite (represented by high Nd+P) with Bi (in bismuthinite). Sample H201 88.9m. (e) Dated monazite, occurring as intergrowths with bismuthinite. BSE image,
sample H201 77m. (f) Monazite intimately intergrown with chalcopyrite (which has been partly altered/weathered around rims to Cu-S-rich secondary minerals
such as digenite, neodigenite, covellite, etc). BSE image, sample H208 68.0m.
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monazite also grew synchronously with Au deposition.
4.2. Navigator 6 gold prospect
The Navigator 6 Au prospect is located ~1 km east of the White
Devil Au (-Bi-Cu) deposit, and has been tested by two diamond drill
holes. Very limited public information is available for this prospect
from company reports submitted to government. A sample from DDH2
from a depth of 218m was provided to one of the authors by Geopeko
in the late 1980 s. Another sample from DDH 2 is from the PhD col-
lection of David Compston (1994, Australian National University) and
comprises biotite-rich and apatite-bearing alteration associated with
hydrothermal magnetite ironstone; the biotite-apatite alteration is
unusual in the district. Hydrothermal biotite and stilpnomelane also
have been reported at the West Peko deposit (Skirrow and Walshe,
2002). Compston and McDougall (1994) reported a K-Ar age of
1705 ± 35Ma for the biotite at Navigator 6. Recent petrographic work
on the sample from 218m depth (which is chlorite-rich and lacks bio-
tite) has identified hydrothermal monazite within a complex multi-
stage paragenetic sequence, as summarised below and in Table 1 and
diagrammatically in Fig. 4. The figure shows the sequence of hydro-
thermal assemblages (labelled (1) to (5)) and corresponding minerals in
those assemblages (labelled (i), (ii), (iii), etc). The host metasiltstone
comprises variable amounts of very fine-grained white mica (sericite,
strongly aligned), quartz, chlorite and 5–10% disseminated magnetite,
and is fairly typical of magnetite-rich metasiltstones elsewhere in the
Warramunga Formation (Donnellan, 2013). A quartz - banded magne-
tite/hematite vein may be the earliest hydrothermal assemblage (1)
(Table 1; Figs. 4, 5a). Quartz (i) in this vein is strongly deformed, and
early bladed Fe oxide crystals (hematite?) are now magnetite which has
been partly altered to martite. These Fe oxide textures are typical of
ironstones in the Tennant Creek goldfield (Large, 1975; Wedekind
et al., 1989; Huston et al., 1993; Skirrow and Walshe, 2002). This
quartz-Fe oxide vein is in contact with a breccia or pseudobreccia with
a strongly foliated chlorite (iii)-rich matrix and metasiltstone frag-
ments/clasts (assemblages 2 and 3; Table 1; Figs. 4 and 5b). However,
the timing of the ironstone-like hydrothermal assemblage (1) in relation
to the chlorite-matrix breccia is unclear. Both have experienced sig-
nificant deformation, more than later assemblages (see below), and are
therefore considered to be the earliest hydrothermal assemblages. Hy-
drothermal assemblage (4) comprises domains (confined within the
chlorite (iii) matrix) of less strained quartz (iv) and bladed magnetite,
enclosed by distinctive narrow aureoles of interleaved and generally
unoriented chlorite (iv)-sericite (Table 1; Figs. 4 and 5b, 5c). Rare
magnetite blades have been pulled apart and infilled by quartz fibres
parallel to the main foliation in the enclosing chlorite (iii) matrix; these
observations suggest the quartz (iv) – magnetite – chlorite (iv) – sericite
assemblage (4) formed late within the same deformation event that
produced the breccia/pseudobreccia and strong foliation in the chlorite
(iii) matrix of assemblage (3).
Gold occurs as tiny grains exclusively within the chlorite (iii)-rich
breccia/pseudobreccia matrix (Figs. 4 and 5b–d). Sparse fine-grained
monazite also occurs in the chlorite (iii)-rich domains (Figs. 4 and 5d
and f), in one case with an inclusion of Au (Fig. 5d). As in the Orlando
East deposit, this monazite tends to be inclusion-ridden and anhedral.
The fifth hydrothermal assemblage comprises a vein of undeformed
to weakly strained quartz (v), specular hematite, with intergrown minor
chalcopyrite and sparse monazite grains up to 200 µm diameter that
contain inclusions of hematite (Table 1; Figs. 4 and 5e, 7b). This vein
clearly cuts the chlorite (iii)-rich breccia; its relationship to the quartz
Fig. 4. Schematic representation of paragenetic sequence of mineral assemblages (numbered) and textures of minerals in the Navigator 6 Au prospect, based on thin
sections of a sample from DDH2 at 218m depth. The scale is arbitrary but the features are typical of those observed at centimetre- to millimetre scales.
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(iv) – magnetite domains is unclear; in any case, the unstrained to
weakly strained quartz indicates this vein is the latest observed hy-
drothermal assemblage.
As monazite is the target of the ion probe geochronology, it is
crucial to understand its timing in relation to the gold and other hy-
drothermal minerals. The observed relationships at Navigator 6 are
permissive of several alternative interpretations of the paragenetic se-
quence:
a) monazite grew at the time of quartz-hematite-monazite-chalcopyrite
veining (assemblage 5), partly within the vein and also selectively
within chlorite (iii) in the breccia matrix; in this scenario Au also
was introduced as part of assemblage (5), and precipitated selec-
tively in chlorite (iii) domains due to chemical controls;
b) all monazite was synchronous with vein assemblage (5) but all gold
formed earlier, during intense deformation with chlorite (iii) in as-
semblage (3);
c) early monazite and gold formed with assemblage (3) during intense
deformation but monazite also grew in assemblage (5).
d) Available limited data for Navigator 6 do not allow us to dis-
criminate between these possible interpretations, although two
stages of monazite growth in scenario (c) seems unlikely in view of
the lack of evidence of differences in age among monazite grains.
5. Methods
Extensive petrographic work was carried out at Geoscience
Australia and the University of Lorraine on about 60 polished thin
sections from the Tennant Creek goldfield to identify hydrothermal
monazite texturally associated with Au-Cu-Bi mineralisation. Such
monazite was identified in many localities, although it occurs only
outside ironstones, including the Orlando East deposit, Navigator 6
prospect, Gecko area (Anomaly 1A near the Goanna zone, and in drill
hole GODD032 beneath the Gecko K44 ore body), a narrow Au zone
Fig. 5. Photomicrographs (a-d) and SEM images (e, f) of Navigator 6 Au prospect, sample from DDH2 at depth of 218m. (a) Vein/domain of quartz (qtz (i)) and early
magnetite/hematite (mgt/hm) of assemblage (1). Thin section image, transmitted light. (b) Clasts/relicts of magnetite (mgt)-altered metasiltstone (assemblage 2) in
matrix of aligned chlorite (chl (iii)) with traces of gold (Au) and monazite in assemblage (3). Also shown are domains of assemblage (4) comprising quartz (iv),
bladed magnetite (partly martitised), and narrow chlorite-sericite aureoles. Thin section image, transmitted light. (c) Detail of part of Fig. 4b showing narrow aureole
of chlorite (iv)-sericite (chl (iv)-ser) in quartz (iv) – magnetite (mgt) domain within chlorite (chl (iii)) of assemblage 3. Thin section image, transmitted light. (d)
Siltstone clasts (slst) with disseminated magnetite partly altered to martite (mgt/mart) (assemblage 2) in assemblage (3) matrix of chlorite (chl (iii)) which contains
very fine-grained gold (Au) and monazite. Thin section image, reflected light. (e) Monazite (with SHRIMP analysis spots marked in red) intergrown with hematite and
quartz (qtz (v)) in vein of assemblage (5). BSE image. (f) Examples of monazite grains dated within chlorite (chl (iii)) of assemblage 3, outside the chlorite (iv)-sericite
(chl (iv)-ser) aureole around a quartz (qtz (iv)) – magnetite/martite (mgt/mart) domain (assemblage (4)). BSE image.
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outside the West Peko ironstones, and at the Warrego deposit. Monazite
grains in polished thin sections were examined using a Joel JSM-6490
scanning electron microscope fitted with an energy dispersive X-ray
spectrometer (EDS). Only a small sub-set of monazite crystals has
proved to be suitably large, inclusion-free and enriched in thorium to
provide high-quality isotope results. Monazite-bearing areas of thin
sections were cored using a Gatan 601 ultrasonic drill with a 3mm drill
bit and the plugs cast into a standard 2.5 cm SHRIMP mount together
with reference U–Pb monazites (see Appendix). Back-scattered electron
(BSE), reflected and transmitted light images were obtained prior to
SHRIMP analysis.
Isotopic analyses were carried out using SHRIMP IIe at Geoscience
Australia, Canberra. As described in the Appendix, the high relative
thorium and low uranium concentrations in monazites from both de-
posits has resulted in a dependence on the Th–Pb system to measure the
ages. Further details of the geochronology method are presented in the
Appendix.
6. Results of monazite U-Th-Pb dating
Separate SHRIMP U–Pb–Th analytical sessions were undertaken to
analyse the hydrothermal, mineralisation-related, monazites from the
Orlando East Au-Cu-Bi deposit (session 180048) and Navigator 6 Au
prospect (session 180046).
6.1. Orlando East Au-Cu-Bi deposit (session 180048)
Seventeen analyses were acquired on 14 monazite crystals from the
Orlando East Au-Cu-Bi deposit (GA sample Nos. 2765166 and 2765167;
Table A1 and Fig. 6a). Thorium concentrations are low to moderate
(15–10 570 ppm) but significantly higher than uranium (55–365 ppm)
whereas Th/U ratios are widely spread between 0.13 and 117.40. Si-
milar to the monazites analysed from the Navigator 6 Au prospect (see
below), U–Pb results for the monazites analysed from the Orlando East
Au-Cu-Bi deposit are scattered and imprecise. Consequently, the
208Pb/232Th data are regarded as more geologically meaningful. Of the
17 analyses undertaken, three have very high 208Pbc (7.1–59.4%) and
were removed from age interpretations. A further analysis has low
thorium (86 ppm) and uranium (145 ppm) and correspondingly large
uncertainties and so this analysis also has been removed from inter-
pretations. The remaining 13 analyses do not form a single 208Pb/232Th
population (MSWD=2.02, POF=0.02). However, this scatter is re-
moved (MSWD=0.57, POF=0.85) by eliminating the oldest analysis
and gives an age of 1659 ± 13Ma which is interpreted as the crys-
tallisation age of these monazite grains.
6.2. Navigator 6 prospect (session 180046)
Seventeen SHRIMP U–Pb–Th analyses on six monazite crystals from
the Navigator 6 prospect (GA sample No. 2765164 and 2765165) were
undertaken (Table A2, Fig. 7a). Thorium concentrations
(4300–8200 ppm) are significantly higher than uranium (48–123 ppm),
whereas Th/U ratios have a wide range between 46 and 137. All 17
analyses have the same 208Pb/232Th (MSWD=1.00, POF=0.45) and
combine to give an age of 1659 ± 15Ma which is interpreted as the
crystallisation age of these monazite grains. Although results for the
common Pb corrected U–Pb system in these grains is significantly
scattered (207Pb/206Pb [MSWD=4.8, POF= <0.01], and 206Pb/238U
[MSWD=2.0, POF= <0.01]), the common Pb uncorrected
207Pb/206Pb ratios lend support to the 208Pb/232Th age. Fifteen of the
17 analyses combine to give a 207Pb/206Pb age of 1665 ± 32Ma
(MSWD=1.13, POF=0.32), which is well within uncertainty of the
208Pb/232Th age. The use of the uncorrected 207Pb/206Pb data can, in
part, be justified by the high sensitivity of this ratio to the 204Pb-based
common Pb correction in the case of very low 206Pb and 207Pb count
rates. Additionally, the agreement between the uncorrected
207Pb/206Pb and 208Pb/232Th ages suggests that the U–Pb–Th system in
these monazites has not been disturbed significantly. Accordingly, our
preferred crystallisation age for the 17 monazite analyses from the
Navigator 6 prospect is the 208Pb/232Th age of 1659 ± 15Ma.
7. Discussion and conclusions
The textural and chemical evidence presented herein strongly sug-
gests that hydrothermal monazite grew synchronously with Cu- and Bi-
sulfides and gold in quartz veins at the Orlando East deposit, and with
chalcopyrite in quartz veins at the Navigator 6 prospect. In addition to
their textural context, the analysed monazites from both deposits have
low uranium and thorium concentrations which is a feature typical of
hydrothermal monazite (Schandl and Gorton, 2004; Mercadier et al.,
2013). Furthermore, 208Pb/232Th ages of ~1660Ma have been de-
termined for the hydrothermal monazites at both the Orlando East
deposit and Navigator 6 prospect, which we interpret as the crystal-
lisation ages of the monazites. A first-order conclusion, therefore, is that
hydrothermal fluids capable of transporting and depositing Cu, Bi, Au,
Si and LREE were locally present in the Tennant Creek goldfield at
~1660Ma. The relative timing of gold deposition at Navigator 6 is less
clear, as noted above. Nevertheless, sufficient information is now
available to place the hydrothermal events recognised at Orlando East
and Navigator 6 within a regional geological context (Table 1; Fig. 8).
Our new interpretation for the mineralisation history in the Tennant
Fig. 6. (a) Plot showing SHRIMP 208Pb/ 232Th monazite ages collected from the Orlando East Au-Cu-Bi deposit (samples 2,765,166 and 2765167), presented in order
of acquisition (from left to right). The thick black line represents the weighted mean 208Pb/ 232Th age. (b) SEM image of intergrown monazite and bismuthinite. The
yellow ellipses represent the approximate positions of the SHRIMP analytical spots (166–1-3B.1 [top], 166–1-3.1 [bottom], Table A1).
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Creek goldfield involves major Au-Cu-Bi ironstone-hosted ore formation
late within the Tennant Event (~1860–1845Ma, D1a of Donnellan,
2013), followed at ~1660Ma by a second Au-Cu-Bi ore-forming event
which was characterised by syn-D2 formation of shear-hosted quartz
vein systems outside ironstones. This scenario implies that two me-
tallogenic events, both resulting in Au-Cu-Bi mineralisation, occurred in
the Tennant Creek goldfield ~190 million years apart.
Further studies are required to decipher the origins of the ~1660Ma
aged Au-Cu-Bi ore fluids. For example, they may be the result of: 1)
fluids associated with D2 deformation and the emplacement of similarly
aged igneous rocks possibly including the Warrego Granite and local
lamprophyres, or 2) the dissolution, mobilisation and precipitation of
pre-existing (~1850Ma) Au-Cu-Bi mineralisation (i.e. remobilisation),
or 3) a combination of both new Au-Cu-Bi ore fluids related to con-
temporaneous magmatism and deformation as well as the remobilisa-
tion of pre-existing ores. For the remobilisation scenario, ~1660Ma
aged hydrothermal fluids with a similar ore-forming capacity to the
earlier ore fluids would have been necessary to leach, transport and re-
deposit the ore metals in observed shear-hosted quartz vein systems
10 s–100 s of metres from the ‘primary’ mineralisation.
A more speculative and somewhat controversial scenario is that all
Au-Cu-Bi in the Tennant Creek goldfield, whether ironstone-hosted or
within shear zones outside ironstones, formed at ~1660Ma. Although
the monazite dating and textural relationships at Orlando East and
Navigator 6 are consistent with such a proposition, other data clearly
demonstrate that at least some ironstone-hosted Au-Cu-Bi mineralisa-
tion formed much earlier than ~1660Ma (i.e. at ~1850Ma). This
evidence includes the preserved ~1850Ma 40Ar-39Ar ages of musco-
vites associated with Au-Cu-Bi in some deposits (Fraser et al., 2008), as
well as lead isotope model ages of 1819–1856Ma (with uncertainties
of± 15Ma) for four deposits in the Tennant Creek goldfield (Warren
et al., 1995). Interestingly, a Re-Os isochron age of 1665 ± 66Ma
(MSWD=229) was reported by McInnes et al. (2008) based on seven
whole-rock samples of Cu-Au-Bi ores from the Gecko K44 deposit
(~2.5 km ENE of Orlando East). This age, albeit with a very high MSWD
and associated large uncertainty, could be taken as support for our
proposed ~1660Ma (hydro)thermal event. However, it is also possible
that the Re-Os isochron represents ~1660Ma disturbance of the Re-Os
isotopic system within sulfides and oxides at the hematite-rich Gecko
K44 ore body, rather than representing the timing of initial ore for-
mation.
Although the new results require substantiation with further work,
there are two key exploration implications of the work so far. First, the
results reinforce previous identification of shear- and fault-hosted Au-
Cu-Bi mineralisation outside ironstones in the Tennant Creek goldfield
(e.g. Orlando East deposit, parts of Navigator 6, parts of the Gecko ore
bodies, Bishop Creek deposit, parts of West Peko deposit). This style of
Au-Cu-Bi mineralisation, which may be distal from ironstones (cf.
Cuison et al., 2014) offers a new type of exploration target in the re-
gion; exploration techniques required to target such mineralisation will
be different to those employed in targeting ironstone-hosted or iron-
stone-proximal mineralisation. Second, the ~1660Ma SHRIMP Th-Pb
ages determined from mineralisation-related monazites from the Na-
vigator 6 gold prospect and Orlando East Au-Cu-Bi deposit indicate a
Au-Cu-Bi event that is almost 200 million years younger than the ac-
cepted age of the main ironstone-hosted Au-Cu-Bi deposits in the Ten-
nant Creek goldfield. This means that rock packages up to ~200 million
years younger than those of the previous exploration ‘search space’ (i.e.
Warramunga Formation), and without ironstones, can be now con-
sidered as potential hosts to second-stage Au-Cu-Bi mineralisation. This
finding greatly expands the area for discovery of new deposits into the
regionally extensive Ooradidgee Group (~1840–1810Ma), Hatches
Creek Group (~1810–1790Ma) and Tomkinson Creek Group
(~1805–1710Ma) (Figs. 1, 8). However, only very specific structural
and lithogeochemical settings will be favourable sites for Au-Cu-Bi
mineralisation, such as quartz-sulfide veins within chloritic shear zones
of potentially low magnetic and gravity response but with anomalous
electrical signatures. New exploration targeting strategies will be re-
quired in order to make discoveries, particularly in areas where the host
rocks are concealed beneath younger rocks and sediments. Ad-
ditionally, our work has shown that robust, in-situ SHRIMP U–Pb–Th
monazite analyses of tiny, low-uranium, hydrothermal monazite crys-
tals can be obtained using a 5 µm SHRIMP spot if thorium contents are
sufficiently elevated. In these cases, the Th–Pb isotope system may be
used successfully.
The broader, regional geological, significance of the new ~1660Ma
monazite ages is yet to be unravelled. Other dated events of similar age
but of unknown interconnection are widely dispersed across the North
Australian Craton. For example, ~500 km to the south of Tennant
Creek, near the southern margin of the Aileron Province, monazite in a
shear zone hosting the Grapple Cu-Au-Ag (-Zn-Pb-Co) deposit records a
fluid flow event at 1668 ± 7Ma (Reno et al., 2018). Also in the
southern Aileron Province (Scrimgeour, 2013) a monazite age of
1669 ± 15Ma (dated by laser ablation ICPMS) at the Oonagalabi Zn-
Cu-Pb-Ag-Au prospect is interpreted by Reno et al. (2019) as recording
fluid infiltration. A thermal event is also recorded in zircon growth at
Fig. 7. (a) Plot showing SHRIMP 208Pb/232Th monazite ages collected from the Navigator 6 Au prospect (GA sample Nos. 2,765,164 and 2765165), presented in
order of acquisition (from left to right). The thick black line represents the weighted mean 208Pb/232Th age. (b) SEM image of a large (~200 µm) monazite crystal
intimately associated with hematite in assemblage (5). The small (1–3 µm) grey inclusions in the monazite are hematite and the yellow ellipses represent the
approximate locations of the SHRIMP analytical spots (see analyses 165-A, Table A4).
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1659 ± 6Ma in the Napperby Gneiss, in the central Aileron Pro-
vince ~ 370 km south of Tennant Creek (e.g. Collins and Williams,
1995). Approximately 150 km southeast of Tennant Creek, in the Hat-
ches Creek tungsten field (Donnellan, 2013), two molybdenite Re-Os
ages of 1677 ± 10Ma and 1602 ± 9Ma were reported by McGloin
et al. (2019). These ages are tentatively interpreted to represent mi-
neralisation and/or remobilisation ages for Mo, W and associated Bi
and Cu at the Hit or Miss deposit. Finally, several basins of northern
Australia record an abrupt change in provenance at ~1655Ma (in-
cluding the McArthur Basin and basins near Mt Isa and Georgetown),
interpreted to represent a major change in tectonism and/or tectonic
drivers of basin formation (Lambeck et al., 2012).
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Appendix
SHRIMP IIe analysis of monazite in Geoscience Australia mounts GA6390 and GA6391
Monazite 44,069 (206Pb/238U=424.9Ma; Aleinikoff et al., 2006) was used as the primary calibration reference material (RM) and monazite
GSC8153 (206Pb/238U=513.1Ma; R.A. Stern, personal communication, 2009) was used as the uranium concentration RM (2275 ppm) and the
208Pb/232Th secondary, validation, RM. For both 44,069 and GSC8153, 208Pb/232Th ratios were calculated directly from the 206Pb/238U age as-
suming a closed isotopic system. Reference monazite GSC1409 (207Pb/206Pb=1768.0Ma; Stern & Berman, 2000) was used as a monitor of possible
207Pb/206Pb fractionation.
SHRIMP U–Pb analyses were carried out with a O- beam which had an intensity of 0.9nA and was focussed through a 30 µm Kohler aperture
which resulted in a spot diameter of 5 µm. The ionised particles were extracted into the mass spectrometer with a 10 kV potential and counted with a
single electron multiplier. Ions were focussed into the collector by a cyclic stepping of the magnet and each analysis represents the average of five
scans through the different mass stations. All analyses were carried out with a mass resolution of approximately 4,900. The run table consisted of:
[203(CePO2+)], 204Pb, BG, 206Pb+, 207Pb+, 208Pb+, 232Th+, 238U16O+ [254(UO+)], 232Th16O2+ [264(ThO2+)] and 238U16O2+ [270(UO2+)]
(BG=background measured at 40 millimass units above 204Pb). The energy window was set to exclude 60% of the low energy 206Pb ions to remove
scattered ions that interfere with the 204Pb peak.
SHRIMP U-Th-Pb analyses showed that the unknown monazites have significantly higher thorium (~3,000–10,000 ppm) than uranium (50 to
360 ppm, median=90 ppm) concentrations. These low to moderate uranium levels combined with the low intensity, 0.9nA, 5 µm diameter SHRIMP
spot and significant energy filtering (60%, see above), resulted in very low 206Pb and 207Pb count rates (approximately 100 and 10 counts/s,
respectively) that caused imprecise and scattered 206Pb/238U and 207Pb/206Pb ratios. In contrast, the relatively higher thorium concentrations
resulted in comparatively elevated 208Pb count rates, typically between 2000 and 3000 counts/s. For these reasons, 208Pb/232Th ratios have been
used to calculate the age of the unknown monazites. This method of Secondary Ion Mass Spectrometry (SIMS) monazite dating has also been
reported by Harrison et al. (1995), Catlos et al. (2002) and Kohn et al. (2005). Calibration of the monazite 208Pb/232Th and 206Pb/238U ratios used
one-dimensional 208Pb+/232Th16O2+ and 206Pb+/238U16O2+ ratios as recommended for monazite by Fletcher et al. (2010) and xenotime by Cross
et al. (2018). Reference material monazite 44,069 (~2wt% Th) was used as the primary RM as it most closely matches the thorium concentrations in
the unknown monazites (see Tables A1, A2).
SHRIMP U-Th-Pb data were reduced, calculated and portrayed using Microsoft Excel® 2003 and add-ins SQUID 2.50.11.02.03 (revision of
Ludwig, 2009) and Isoplot 3.76.12.02.24 (revision of Ludwig, 2003). The decay constants used were those of Jaffey et al. (1971), together with
present-day 238U/235U=137.88, following the recommendations of Steiger and Jȁger (1977). Common-Pb corrections for unknowns were based on
measured 204Pb, and a Pb isotopic composition calculated using the Pb isotopic evolution model of Stacey and Kramers (1975) at a time corre-
sponding to the estimated age of each unknown individual analysis. The result of this calculation is expressed in terms of common 208Pb and 206Pb as
a percentage of total measured 208Pb (208Pbc) and 206Pb (206Pbc).
Ages derived from the pooling of multiple individual analyses are weighted means (with each constituent analysis weighted proportional to its
inverse variance). Uncertainties for pooled weighted mean 208Pb/232Th ages include a session specific, 2σ error of the mean of measurements of the
primary reference material (‘session to session error’, ‘calibration uncertainty’ or ‘external error’) which is added in quadrature to the pooled
208Pb/232Th age uncertainties.
This can be done via the equation: 2σunc = +a wm( ) ( * )B2 100 2where ‘a’ is the pooled 208Pb/232Th uncertainty of the unknown, ‘B’ is the 2σ error of
mean of the reference material and ‘wm’ is the calculated weighted mean age of the unknown. The session specific 2σ error of the mean is listed as a
footnote in each of the SHRIMP U–Pb data tables presented. The statistical coherence of calculated means was assessed using the Mean Square of
Weighted Deviates (MSWD; McIntyre et al., 1966) and the related probability of fit (POF), with the constituent analyses considered equivalent within
their analytical uncertainties when the MSWD lies within the 95% confidence window defined in Table 1 of Mahon (1996) i.e. where POF > 0.025.
Uncertainties in ages derived from pooling of multiple individual analyses are quoted at the 95% confidence level unless otherwise indicated. For
weighted means, the 95% confidence interval is defined as t-sigma (where t is Student’s t for n–1 degrees of freedom, and n is the number of
individual analyses in the population) when the MSWD of the pooled data is less than unity. When MSWD exceeds unity (but POF > 0.025), the
95% confidence interval is defined as t-sigma multiplied by the square root of the MSWD (Ludwig, 2003).
SHRIMP U-Th-Pb monazite results – Secondary reference materials
Orlando East Au-Cu-Bi deposit (session 180048): Sixty-two SHRIMP U–Pb–Th analyses were undertaken on the monazite reference materials during
this session. Twenty-one 208Pb/232Th analyses of GSC8153 (ID-TIMS age=513.1Ma) combine to give an age of 511.2 ± 3.7Ma (MSWD=0.14,
POF=1 [Table A3]) and 18 analyses of GSC1409 (ID-TIMS 207Pb/206Pb= 1768.0Ma) combine to give a 207Pb/206Pb age of 1769 ± 7Ma
(MSWD=1.4, POF=0.11 [Table A3]).
Navigator 6 prospect (session 180046): Forty-two SHRIMP U–Pb–Th analyses were carried out on three reference materials during this session.
Fifteen analyses of GSC8153 (ID-TIMS age=513.1Ma [Table A5]) all combine to give a 208Pb/232Th age of 513.4 ± 3.9Ma (MSWD=0.52,
POF=0.92). For GSC1409 (ID-TIMS 207Pb/206Pb= 1768.0Ma), eleven analyses all have the same radiogenic 207Pb/206Pb and combine to give an
age of 1764 ± 6Ma (MSWD=0.91, POF=0.52 [Table A6]). The 208Pb/232Th (GSC8153) and 207Pb/206Pb (GSC1409) results for the secondary
reference materials for both of the above sessions (180048 and 180046) are well within uncertainty of their reference ages.
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Table A1
SHRIMP U–Pb isotopic data for samples 2,765,166 & 2765167, Orlando East Au-Cu-Bi deposit (Session 180048).
Sample-
grain.spot
208Pbc (%) 206Pbc (%) U (ppm) Th (ppm) 232Th/238U 238U/206Pb* ± 1 σ
(%)
207Pb*/206Pb* ±1 σ
(%)
208Pb*/232Th ±1 σ
(%)
208Pb*/232Th
Age (Ma)
± 1 σ
(Ma)
monazite
167-1L.1 1.96 0.28 120 6552 56 3.32865 5.66 0.08626 6.15 0.08648 1.59 1677 26
167-1L.2 0.29 0.02 97 10,573 113 2.97496 3.07 0.09647 3.59 0.08438 1.37 1637 21
167-1L.3 2.20 0.55 208 6544 33 3.27691 2.33 0.09693 4.77 0.08541 0.48 1657 8
167–1 K.1 0.98 0.13 111 6710 63 3.17978 2.79 0.09602 4.47 0.08520 1.36 1653 22
167–1 K3.1 2.45 0.41 135 7109 54 3.01466 2.79 0.10751 6.83 0.08226 3.76 1598 58
167–1M1.1 3.70 0.43 112 7972 73 3.17006 5.66 0.08171 34.53 0.08589 0.65 1665 10
167–1 N.1 1.27 0.17 141 8420 62 3.10238 2.54 0.09123 4.61 0.08806 2.79 1706 46
166–1-3.1 3.19 0.43 113 4165 38 5.19179 27.63 0.10326 13.63 0.08683 5.31 1683 86
166–1-3B.1 2.52 0.27 69 5369 80 3.05986 3.69 0.10064 7.50 0.08664 1.39 1679 22
166-1C.1 0.00 0.00 54 6126 117 3.22982 3.90 0.10725 4.47 0.08475 1.59 1644 25
166-1C.2 2.34 0.40 99 2785 29 5.32929 23.70 0.11256 16.01 0.08673 3.54 1681 57
167–1-J.1 1.76 1.06 146 1850 13 3.46291 2.65 0.09393 4.99 0.08234 4.87 1599 75
Common 208Pb > 2%
166-2B.1 1.65 7.19 107 191 2 3.21386 2.81 0.09211 5.15 0.08131 3.17 1580 48
167–1-J.2 2.93 41.51 124 15 0 3.27368 6.32 0.13505 31.56 0.29023 43.39 – –
167-1P.1 3.48 59.36 115 31 0 3.34415 3.09 0.09023 8.15 0.05706 32.10 1122 350
Low Thorium
167–1-I.1 0.00 0.02 145 86 1 3.35523 5.43 0.11136 5.18 0.10582 13.03 2033 252
High 208Pb/232Th
166–1-1.1 1.32 0.35 363 8399 24 3.92691 1.76 0.10058 4.42 0.09247 1.75 1788 30
1. 208Pbc indicates the percentage of common 208Pb in the total measured 208Pb, based on measured 204Pb.
2. 206Pbc indicates the percentage of common 206Pb in the total measured 206Pb, based on measured 204Pb.
3. All Pb isotopic ratios and ages corrected for common Pb by reference to the measured 204Pb.
4. 2σ error of mean= 0.435 for primary reference material 44069. This should be added in quadrature to the uncertainty of pooled 208Pb/232Th ages.
Table A2
SHRIMP U–Pb isotopic data for samples 2,765,164 & 2765165, Navigator 6 Au prospect (Session 180046).
Sample-
grain.spot
208Pbc (%) 206Pbc (%) U (ppm) Th (ppm) 232Th/238U 238U/206Pb* ± 1 σ
(%)
207Pb/206Pb ± 1 σ
(%)
208Pb*/232Th ± 1 σ
(%)
208Pb*/232Th Age
(Ma)
± 1 σ
(Ma)
monazite
165-A.1 0.00 0.00 120 5349 46 3.52688 2.29 0.11008 2.17 0.08515 1.19 1652 19
165-A.2 0.00 0.00 72 7217 104 3.25003 2.79 0.10151 2.94 0.08591 1.95 1666 31
165-A.3 3.01 0.23 61 5841 100 3.60391 3.40 0.11041 3.32 0.08235 1.95 1599 30
165-A.4 6.20 0.36 48 5828 127 3.80518 5.71 0.09981 3.83 0.08548 1.74 1658 28
165-A.5 0.00 0.00 85 4295 52 3.27366 2.44 0.10225 2.50 0.08615 1.72 1670 28
165-A.6 0.08 0.01 61 6083 103 3.54621 5.40 0.10022 3.20 0.08539 1.05 1656 17
165-A.7 0.17 0.02 82 6809 86 3.36516 2.58 0.10066 4.86 0.08580 1.75 1664 28
164-2B.1 2.20 0.18 79 7414 97 3.48398 2.70 0.10168 2.71 0.08484 1.70 1646 27
164-2B.2 1.53 0.14 61 5424 92 3.13072 3.56 0.09941 3.33 0.08699 1.08 1686 17
164-2A.1 1.15 0.08 52 5950 118 3.42503 5.88 0.10734 3.23 0.08387 1.08 1628 17
164-2A.2 0.00 0.00 56 7419 137 3.31761 3.30 0.10433 3.47 0.08561 1.50 1660 24
164-2A.3 2.39 0.19 75 7122 98 3.46394 3.02 0.10584 3.06 0.08602 1.70 1668 27
164-2C.1 0.00 0.00 58 7426 131 3.32142 2.81 0.09597 3.01 0.08780 1.33 1701 22
164-1A.1 0.00 0.00 69 4537 68 3.66804 2.69 0.09862 3.00 0.08475 1.80 1644 28
164-1A.2 0.06 0.00 72 8238 119 3.41386 2.76 0.10457 2.83 0.08483 1.51 1646 24
164-1A.3 0.00 0.00 68 4391 66 3.30745 2.61 0.10156 2.76 0.08683 1.60 1683 26
164-2D.1 0.00 0.00 123 5665 47 3.40974 4.52 0.10622 2.01 0.08688 2.84 1684 46
1. 208Pbc indicates the percentage of common 208Pb in the total measured 208Pb, based on measured 204Pb.
2. 206Pbc indicates the percentage of common 206Pb in the total measured 206Pb, based on measured 204Pb.
3. The asterisk (*) indicates which Pb isotopic ratios and ages have been corrected for common Pb by reference to the measured 204Pb.
4. 2σ error of mean= 0.554 for the primary reference material 44069. This should be added in quadrature to the uncertainty of pooled 208Pb/232Th ages.
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Table A3
SHRIMP U–Pb isotopic data for standard GSC8153 (Session 180048).
Sample-
grain.spot
208Pbc (%) 206Pbc (%) U (ppm) Th (ppm) 232Th/238U 238U/206Pb* ±1 σ
(%)
207Pb*/206Pb* ±1 σ
(%)
208Pb*/232Th ± 1 σ
(%)
208Pb/232Th
Age (Ma)
±1 σ
(Ma)
monazite
8153-1.1 0.35 0.07 2249 70,293 32 11.84618 1.54 0.05384 2.12 0.02582 1.84 515 9
8153-1.2 0.34 0.07 2375 74,283 32 11.93316 1.87 0.05778 2.00 0.02565 1.59 512 8
8153-1.3 0.19 0.04 2228 68,923 32 11.94773 2.20 0.05561 1.85 0.02562 1.35 511 7
8153-1.4 0.28 0.06 2313 72,520 32 11.90688 1.84 0.05633 2.96 0.02575 1.46 514 7
8153-1.5 −0.40 −0.09 2352 74,889 33 11.70891 1.26 0.06142 1.94 0.02579 1.26 515 6
8153-2.1 0.61 0.13 2413 74,886 32 12.10313 2.22 0.05383 2.45 0.02585 1.47 516 7
8153-2.2 0.35 0.07 2337 73,517 33 11.73242 1.25 0.05436 2.09 0.02572 1.33 513 7
8153-2.3 −0.02 0.00 2340 72,673 32 11.97798 2.27 0.05871 1.48 0.02566 1.29 512 7
8153-2.4 0.04 0.01 2327 72,414 32 12.00433 2.01 0.05903 1.50 0.02562 1.30 511 7
8153-2.5 0.22 0.05 2391 74,603 32 11.93267 2.11 0.05676 2.80 0.02557 1.30 510 7
8153-2.6 0.20 0.04 2474 77,280 32 12.11629 1.67 0.05708 1.84 0.02563 1.29 511 6
8153-3.1 0.25 0.05 2327 71,802 32 12.12276 1.20 0.05712 1.88 0.02568 1.15 512 6
8153-3.2 0.14 0.03 2340 74,351 33 11.68629 1.24 0.05775 1.68 0.02562 1.27 511 6
8153-3.3 0.26 0.06 2402 74,883 32 12.00108 1.24 0.05568 1.91 0.02566 1.04 512 5
8153-3.4 0.20 0.04 2461 76,147 32 12.13883 2.46 0.05744 1.81 0.02558 1.29 510 7
8153-3.5 0.11 0.02 2394 75,934 33 11.79344 1.24 0.05702 1.63 0.02569 1.37 513 7
8153-4.1 0.03 0.01 1914 58,185 31 12.07193 2.02 0.05656 1.59 0.02547 1.17 508 6
8153-4.2 −0.06 −0.01 1965 59,402 31 12.15849 2.02 0.05818 1.59 0.02543 1.29 508 6
8153-4.3 0.18 0.04 2015 60,989 31 12.15849 2.09 0.05632 1.83 0.02535 1.12 506 6
8153-4.4 0.31 0.07 2006 61,304 32 11.98560 1.26 0.05488 2.08 0.02544 1.47 508 7
8153-4.5 −0.18 −0.04 2151 65,479 31 11.94722 1.61 0.05649 1.89 0.02557 1.08 510 5
1. 208Pbc indicates the percentage of common 208Pb in the total measured 208Pb, based on measured 204Pb.
2. 206Pbc indicates the percentage of common 206Pb in the total measured 206Pb, based on measured 204Pb.
3. All Pb isotopic ratios and ages corrected for common Pb by reference to the measured 204Pb.
Table A4
SHRIMP U–Pb isotopic data for standard GSC1409 (Session 180048).
Sample-grain.spot 206Pbc (%) U ‘(ppm) Th (ppm) 232Th/238U 238U/206Pb* ± 1 σ (%) 207Pb*/206Pb* ±1 σ (%) 207Pb/206Pb Age (Ma) ±1 σ (Ma) Disc (%)
monazite
1409-1.1 0.11 1260 111,636 92 3.15981 1.22 0.10893 0.80 1782 15 1
1409-1.2 0.02 1336 120,989 94 3.15072 1.23 0.10702 1.34 1749 25 −2
1409-2.1 0.00 2437 111,678 47 3.19711 1.16 0.10885 0.58 1780 11 2
1409-2.2 0.01 2279 109,368 50 3.15580 1.17 0.10954 0.59 1792 11 1
1409-2.3 0.03 2648 134,852 53 3.12792 1.13 0.10813 0.55 1768 10 −1
1409-2.4 0.08 2494 107,605 45 3.22141 1.16 0.10816 1.03 1769 19 2
1409-2.5 0.08 2811 118,303 43 3.19896 1.14 0.10767 0.59 1760 11 0
1409-2.6 0.09 2602 93,315 37 3.16705 1.15 0.10819 0.59 1769 11 0
1409-3.1 0.01 2085 115,840 57 3.35251 2.92 0.10851 0.67 1775 12 6
1409-3.2 0.04 2448 119,392 50 3.17137 1.16 0.10824 0.59 1770 11 0
1409-3.3 0.06 2945 136,834 48 3.23501 1.13 0.10711 0.99 1751 18 1
1409-3.4 0.07 2804 127,530 47 3.23624 1.14 0.10884 0.57 1780 10 3
1409-4.1 0.18 1412 127,537 93 3.24622 2.05 0.10868 0.82 1777 15 3
1409-4.2 0.23 1586 142,437 93 3.24004 1.57 0.10777 0.81 1762 15 2
1409-4.3 0.29 1577 140,625 92 3.27743 2.12 0.10563 0.85 1725 16 1
1409-4.4 −0.05 1606 141,431 91 3.25733 1.73 0.10920 0.72 1786 13 4
1409-5.1 0.04 1416 91,718 67 3.33629 2.77 0.10717 0.62 1752 11 4
1409-5.2 0.09 2432 128,478 55 3.20385 1.13 0.10733 0.57 1755 10 0
1. 206Pbc indicates the percentage of common 206Pb in the total measured 206Pb, based on measured 204Pb.
2. All Pb isotopic ratios and ages corrected for common Pb by reference to the measured 204Pb.
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Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.precamres.2019.105402.
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